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Introduction
GaAsN Schottky diodes are used in lasers [1] , terahertz emitters [2] and optical amplifiers [3] for harsh radiation environments such as spacecrafts, military weapons and nuclear power generation stations. In all these applications devices should be resistant to radiations that can create two significant effects: Ionization damage and generation of free carriers. The latter may stay in the device some time after the end of irradiation. Ionization damage leads to lattice displacement and hence is a permanent damage in the form of point defect vacancies and interstitial defects that introduce energy levels in the band gap. These damages change the electrical properties of devices through a change in band gap, series resistance and interface state density [4] .
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Tataroglu et al. [5] , Belyaev et al. [6] , Kataras et al. [7] have reported on the effect of γ radiation on the electrical properties of metal semiconductor (MS) and metal insulator semiconductor (MIS) structures. They showed a reduction in barrier height and an increase in leakage current, ideality factor and series resistance. However, Bobby et al. [8] found a decrease in series resistance and in ideality factor for Au/n-GaAs γ irradiated diodes. Recent experimental studies on particles irradiation effect on Ti/Au/GaAsN diodes have been undertaken by Shafi et al. [9] and Al Saqri et al. [10] . Shafi used Laplace Deep Level Transient Spectroscopy (LDLTS) technique to investigate the effect of hydrogen irradiation on deep traps in GaAs 1-x N x . They found that hydrogenation of as-grown GaAs 1-x N x epilayers passivated most deep levels. However, for sample with 0.8%N concentration, hydrogen irradiation passivated some of the defects and reduced the concentration of others; it also created new defects. In the work of Al Saqri et al. [10] , they investigated the effect of γ irradiation on the deep levels traps in GaAs 1-x N x using I-V and LDLTS techniques. They found that for samples with N =0.2% -0.4%, the number of traps decreased after irradiation, whereas for samples with N = 0.8% -1.2 %, the number of traps remained the same. Ma et al [11] have shown that some traps states become inactive in DLTS measurement when the barrier height is less than 0.62eV, however such traps are active traps states under bias and have an impact on transport properties of the device that need to be investigated. Hence, this paper reports on the effects of γ-ray irradiation on the electrical properties of GaAsN Schottky diodes using current-voltage (I-V), capacitance-voltage-frequency (C-V-f) and conductance-voltage-frequency (G/ω-V-f) measurements at room temperature. γ-ray irradiated devices have 0.2%, 0.4%, 0.8% and 1.2% N concentration contents. Parameters studied are ideality factor, series resistance, barrier height, relaxation time and interface states density. Cheung [12] and Hill-Coleman [13] methods are used to determine some of these parameters.
Experimental details
The Schottky diodes are made of an n-GaAs substrate on top of which is grown a 0.1 µm thick epitaxial buffer layer of GaAsN Si-doped (2.10 18 cm -3 ) followed by an epitaxial 1 µm thick active layer of GaAsN Si-doped (3.10 16 cm -3 ). At this stage, the wafers were ion irradiated at room temperature in a gamma cell Cobalt irradiator at a dose of 50 kGy with a dose rate of 5.143 kGy/h. Then devices are processed in the form of circular mesas with different diameters for electrical characterization. A Ge/Au/Ni/Au layer was evaporated and alloyed to form the Ohmic contact to the bottom of the n-GaAs substrate. Schottky contacts were formed by evaporation of Ti/Au on top of the doped epilayer. Current-voltage (I-V) measurements were carried out using an Agilent precision semiconductor parameters analyzer (4156C). The capacitance-voltage-frequency (C-V-f) and conductance -voltage-frequency (G-V-f) measurements were carried out with an Agilent LCR meter (4980A). The capacitance-frequency (C-f) and conductance-frequency (G-f) measurements were carried out with a Wayne Kerr Precision Impedance Analyzers (6500B).
Results and discussion
Alloyed Ti/Au Schottky contacts have been made to as grown and γ-ray irradiated GaAsN samples. Figure (1) shows room temperature I-V characteristics of these Ti/Au/GaAsN Schottky diodes for different N concentrations. Bias voltage was varied in the range -1.5V to + 0.5V. At forward bias voltages, ln(I) characteristics are linear, and only start to deviate from linearity with the effect of series resistance at large applied voltages. This behavior is more pronounced in irradiated Ti/Au/GaAsN diodes.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
All diodes show rectifying behavior at room temperature. Table 1 shows the rectifying ratio for Ti/Au/GaAsN diodes at ±0.5 V. The rectifying ratio is found to be dependent on nitrogen content and irradiation. This ratio decreased with increasing nitrogen content and irradiation. It is known that nitrogen induce deep defects levels in band gap [9] . Irradiation is also known to induce defects in the structure of devices and reduce rectifying behavior [6, 10] . In diode with 1.2%N, the current quickly become dominated by series resistance. The series resistance is important in the down curvature of the forward bias. The trap levels reduce the free carrier density which in turn leads to an increase in the resistivity of the diode. Reverse leakage current is the parameter that is most affected by γ-ray irradiation. As grown samples have low leakage current compared to irradiated ones. Such increase has been attributed to the increase of generation recombination centers and image force barrier lowering [9, 14] . Reverse leakage current also exhibits strong dependence on the N concentration. Irradiated diodes with 0.4 % N content and 0.8% N content have nonsaturating leakage current behavior as a function of bias and hence degrade rectifying properties of diodes. Here again interface defects are believed to be responsible for this behavior. According to thermionic emission theory the current is given by [15] :
Where n is ideality factor, R S is series resistance, and I 0 is saturation current given by:
Where A eff is the diode area (1.25x10 -3 cm 2 ), k is the Boltzmann constant (1.381x10
ଶ ) with ݉ * = 0.04݉ [16, 17] . A* is assumed constant after irradiation. T is the temperature in Kelvin. Using the method developed by Cheung [12] :
The ideality factor n can be obtained from the intercept on y-axis from Eq. (3) as:
The extracted diodes parameters are summarized in Table 2 . The value of ideality factor n varies from 1.08(1.12) to 1.41(1.51) after irradiation for 0.2%N(0.4%N) samples. The ideality factor value after irradiation is greater than 1 which indicates a contribution from recombination current, besides the main thermionic process, to transport mechanism [10, 18, 19, 20] . The ideality factor n exhibits an increasing trend with increasing concentration. The series resistance is a very important parameter of Schottky barriers. It is evaluated from the slope of equation (3). The resistance increased from 0.68Ω to 1.07Ω for 0.2%N samples and from 25Ω to 106Ω for 1.2%N samples. Such increase can be due to carriers' removal effect, mobility change or reduction in free carriers' concentrations [21, 22] .
The zero Bias barrier height (∅ ) can be obtained by Equation H(J) as
The 0.2%N diode barrier height decreases after irradiation from 0.74eV before irradiation to 0.68eV after irradiation. As expected, the density of interface states was also affected by irradiation. It is known that gamma irradiation results in Fermi level pinning at defect level. However diodes with 0.8%N and 1.2%N concentration remain insensitive to irradiation. This is consistent with DLTS measurements observed by Al Saqri et al [10] . Whereas the Schottky barrier height increases with decreasing concentration [9] . Table 2 : Variation of n-factor, series resistance and barrier height with %N content and γ-radiation. A small ac signal with a frequency between 100 KHz and 1 MHz was added to dc bias to allow deep traps to capture and release electrons [13] . A capacitance curve has three regions corresponding to accumulation, depletion and inversion. In accumulation region, the capacitance increase with decreasing frequency due to a continuous distribution of density of interface states (Nss) and series resistance [22] . The capacitance decreased after irradiation. This is attributed to a decrease in the (N D +N T ) concentration and to a change in dielectric constant at the metal semiconductor interface after gamma irradiation [7, 23, 24] . The peak capacitance is lower for irradiated diodes. These peaks shift to the negative bias region due to a net positive charge at the interface [25] [26] [27] [28] . A bump is observed close to the accumulation region when the bias is swiped from accumulation to depletion. In depletion region the capacitance decreases with increasing reverse voltage for all devices. In inversion region, when the bias is highly negative, the density of activated deep traps (N T ) start to contribute to the total electron density which change from (N D ) to (N D +N T ) [15] . From figure (3) , the values of the conductance increase with increasing voltage for all samples. However, its value decreases after gamma irradiation. This effect can be attributed to the decrease in the net ionized doping concentration, irradiation generates deep levels which trap conduction electrons and reduce the carrier concentration [26, 28, 29] . From Figure ( 3) the conductance decrease with increasing frequency due to capture and emission of carriers by interface states [13] . The C-V characteristics have been measured at frequencies between (100 KHz to 1MHz), but the barrier height and doping concentration were calculated from these measurements at 1 MHz. This frequency has been chosen to reduce traps effect. C -2 has been plotted as a function of voltage using the relation [12, 15, 16, 17, 30] .
Where A is the diode area (1.25.10 -3 cm 2 ), q is the electron charge, N D is the donor concentration, V i is the diffusion potential at zero bias, which is determined by the intercept along voltage axis, ε s is the static dielectric constant of GaAs (12.9ε o ). 1/C 2 -V plot shown in figure (4) is a straight line proportional to (N D ) -1 indicating a uniform doping concentration for 0.2% and 0.4% N diodes. For higher negative bias non-uniform doping concentration for 0.8% N and 1.2%N indicates that there are a deep trap levels created by high N content and radiation damage. There slope is proportional to (N D +N T ) -1 [15] . The barrier height was calculated from the relation:
Here N C is the effective density of states in conduction band for GaAs 1-x -N x at room temperature given by [31] :
The images Force barrier lowering and maximum electric field are given by:
The values of barrier height, image force lowering and doping density are given in table 3 . These values were extracted from C-V characteristics measured at high frequency (1 MHz), so to avoid interface state charges contribution [9, 10, 32] . We show a decrease in donor concentration for 0.2%N and 0.4%N diodes. Barrier heights extracted from C-V curves increase after gamma irradiation for 0.2%N, 0.4%N and 1.2%N diodes and are higher than those derived from I-V measurements. Such difference is explained by the presence of an interface layer or due to the barrier inhomogeneity [15, 19] . In other hand the extracted barrier heights for the 0.8% diode decrease from 0.82eV before irradiation to 0.74 after irradiation. The extracted parameters are not exact since the 1/C 2 -V plot is not linear. Several approaches have been used to overcome this problem. Among such methods that of Bryant et al [20] assumes a capacitance C 0 in parallel with the depletion capacitance. The value of C 0 can be found by plotting the measured capacitance as a function of V -1/2 and extrapolating the curve to the limiting value of C as V -1/2 →0. The corrected capacitance is obtained by subtracting C 0 .Goodman et al [33] and Senechal et al [34] show that a plot dV/dC -2 against C gives a straight line with an intercept at C = 0 that gives the value N D + N T , However. Such procedure it does not allow to extract the barrier height value. 
Series resistance profiles can be obtained from the C-V-f and G/ω-V-f curves. To determine series resistance [7, 13, [35] [36] [37] [38] :
where C m and G m are the measured capacitance and conductance and ω=2πf is the angular frequency.
Figure (5) shows the voltage-frequency dependency of the series resistance determined from equation (11) . Notice that series resistance has a peak in forward bias for all diodes. Some of the irradiated samples (0.4%N and 0.8%N) show the presence of another peak in reverse bias. While the reverse bias peak shifts toward negative region, the forward peak shifts toward positive region. The magnitudes of these peaks decrease with increasing frequency. The frequency dependence of Rs is attributed to the particular distribution density of interface states [14, 28, 39] . The series resistance of all irradiated samples has increased .The increase of series resistance after radiation is attributed to the decrease of carriers' mobility and carriers' removal effect [40] .
Figure (6) and figure (7) shows the variation of capacitance and conductance as a function of frequency for as grown and irradiated samples at different N content [0.2% -1.2%] at 500mV bias. In lower frequency the capacitance is almost constant for all diodes, up to a certain frequency where it starts to drop to a lower constant value. The difference between these two values is due to the contribution of interface states that cannot follow the ac signal at high frequencies. The shift towards high frequency after gamma irradiation is due to a change in time constant of traps filling-empting. The conductance peak is an indication of the existence of interface states. The peak position shifts towards high frequency after gamma irradiation and to towards low frequency when N% is increased indicating a kind of composition effect. The relaxation time calculated from figure (7) decreases from 90µs to 17 µs for diodes with 0.2%N content, from 67µs to 42 µs for diodes with 0.4%N content, from 42 µs to 38 µs for diodes with 0.8%N content and from 21 µs to 12 µs for diodes with 1.2%N content. It can be noticed that the γ-ray irradiation decrease the relaxation time of all samples are in good agreement with results obtained by Tay et al [41] . This decrease is attributed to trapping and recombination centers produced by γ-ray irradiation [42] . An interface state is an allowed level within the forbidden gap. It is a donor type when it is above Fermi level and uncharged when it is below Fermi level. The density of interface states (Nss) as a function of frequency was extracted from C-V-f and G/ω-V-f characteristics. From Hill and Coleman method [13, 26, [27] [28] [29] [30] [31] [32] , the density of interface states (N ss ) is given by:
Where A is the diode area, ω is the angular frequency, C ma and G ma are the measured capacitance and conductance which correspond to the peak values, respectively, and C ox is the capacitance of the interfacial layer and it can be obtained from C-V and G/ω-V plots using [28] :
Many researchers [9, [43] [44] [45] [46] have used DLTS, photoluminescence and microcathodoluminescence techniques to show that GaAs have native defects such as arsenic vacancies (V As ) , gallium vacancies (V Ga ) , interstitial gallium atoms (Ga i ) , interstitial arsenic atoms (A Si ) and anti-site defects. More traps can be introduced when incorporating nitrogen atoms like (N-As) split interstitial and substitutional oxygen on As site (O As ).
The interface states profiles (Nss) before and after irradiation determined from equation (11) are given in figure (8) . Density of traps shows an exponential decrease with frequency. This behavior is attributed to interface traps responding to the ac signal at low frequencies [17] . 1.2%N) .The as grown diode (1.2%N) contain already a high concentration of point defects that are believed to interact with the radiation-induced ones. This is also one of the reasons that the defects in irradiated diode are less than in as grown diode. Irradiation is known [38, 47, 48] to induce displacement of the host atoms to form vacancies, interstitials, and antisite defects and annihilate others defects. Saqri et al [10] , Auret et al [49] [50] and Goodman et al [51] [52] [53] [54] found that gamma rays, electron and alpha irradiation enhance intrinsic defects like EL2 , which they assigned to arsenic antisite (As Ga ) or arsenic interstitial.
Conclusions
The room temperature electrical properties of Ti/Au/ GaAs 1-x N x Schottky diodes have been characterized using I-V and C/G-V-f techniques. The investigated parameters are ideality factor (n), series resistance (Rs), barrier height (Φ B ), doping concentration (N D ) , relaxation time and density of interface states (Nss). Forward I-V measurements show that thermionic emission is the dominant transport mechanism. Ideality factor increased after irradiation due to recombination current and series resistance effects. However, Schottky diodes' barrier decreased leading to a reverse saturation current increase. On the other hand, capacitancevoltage measurements at 1 MHz indicate that there is a slight decrease in carrier concentration and an increase in barrier height after irradiation. Discrepancies in barrier height between I-V measurements and C-V measurements are attributed to non linear behavior in 1/C 2 -V curves for samples with 0.8%N and 1.2%N due to deep trap effects. C-V measurement, as a function of frequency, exhibits peaks that shift their position towards lower voltages with increasing frequency as their intensity decreases with increasing frequency, this behavior is attributed to interface traps responding to the ac signal at low frequencies. The density of interface states and series resistance values has been obtained using Hill-Coleman method. The density of interface states distribution profile as a function of frequency increased after radiation due to irradiation-induced defect. The series resistance increase after irradiation and decrease with increasing frequency due to carrier's removal effect and mobility degradation. γ-ray irradiation produce traps levels and recombination centers that reduce relaxation time. The atoms'displacement damage was localized in different sample under test by extracting different parameters such as series resistance, barrier height and interface states density before and after irradiation. One observes that an increase in %N content inhibits irradiation damage with even some compensation when the percent of diluted nitrogen is high (1.2%N). M A N U S C R I P T
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